Aim: Prostate cancer (PCa) is the most commonly diagnosed non-skin cancer among men. Serum prostatespecific antigen level is used as a standard PCa biomarker for over 20 years. However, it has only 33% specificity and 86% sensitivity (for the cutoff value for prostate biopsy of > 4 ng/mL). This leads to overdiagnosis and overtreatment. In-depth insight into PCa metabolomics enables discovery of novel PCa biomarkers.
INTRODUCTION
Prostate cancer (PCa) is the most commonly diagnosed non-skin cancer and third leading cause of mortality after lung and colorectal cancer among men in Western World. Overall, during lifetime, 1 in 6 men will develop PCa and 1 in 33 will die from this disease. Moreover, at presentation 16% of patients will have locally advanced or metastatic disease. Life expectancy depends mainly on the stage and varies between < 5 years for metastatic disease to minimal risk of death at 15 years for organ-confined disease [1] . Historically PCa was diagnosed with digital rectal examination (DRE) followed by transperineal or digitally guided transrectal biopsy, often in advanced stage. Introduction of prostate-specific antigen (PSA) testing has revolutionized diagnosis of PCa and is shown to be the better predictor of cancer than DRE or transrectal ultrasound (TRUS). Traditional PSA cutoff value for prostate biopsy is > 4 ng/mL and has only 33% specificity and 86% sensitivity for detection of PCa. As a result patients with elevated PSA are overdiagnosed and overtreated. Decrease in mortality from PCa observed in most Western countries is considered partially to be the result of PCa screening with PSA. However, screening with PSA has become one of the most debated topics in urology and is dominated by the conflicting results of 2 randomized control trials: The European Randomized Study of Screening for Prostate Cancer (ERSPC) [2] , which found a survival benefit due to screening with PSA (with the greatest benefit within Goteborg arm of ERSPC trial [3] ) while the United States Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial [4] did not. As ERSPC study shows, to save one patient from PCa specific death, 1,055 men need to be screened and 37 patients need to be treated. Recent studies concluded that screening is associated with increased diagnosis of PCa, no PCa-specific or overall survival benefit and increased risk of overdiagnosis and overtreatment [5] . Therefore new diagnostic tools (multiparametric MRI) and biomarkers (PCA3, kallikreins and TMPRSS2-Erg fusion) are constantly being developed to increase sensitivity and specificity of PCa testing. Recently a number of novel PCa biomarkers have been developed. The most promising was developed by MDxHealth -SelectMDx. It is a genomic-based test that measures the expression of two PCa-related mRNAs in urine: HOXC6 and DLX1 in conjunction with clinical risk factors. It' s main advantage is the ability to diagnose patients with clinically significant cancer (Gleason score ≥ 7) which would be selected for prostate biopsy and to avoid identification of indolent PCa. SelectMDx negative predictive value is 98% [6] . According to Govers et al. [7] application of SelectMDx in clinical practice contributes to increased quality-adjusted life years while saving healthcare costs.
Biomarker research is based on analyzing differences in abundances of varied substances between cancerous tissue or biofluid and their healthy counterpart. This comparative analysis approach identifies and classifies the individual molecules. However, recently, a novel approach have been proposed and is called networkbased analysis. Instead of focusing on specific molecule, emphasis is placed on whole cellular pathway and key molecules which are altered in the disease. Search for potential biomarkers has been conducted at every molecular level: genome, transcriptome, proteome and metabolome. Genomic and transcriptomic microarray, real time PCR and next gen. sequencing, proteomic and metabolomic mass spectrometry and nuclear magnetic resonance spectroscopy in combination with advanced bioinformatics tools allowed detailed insight into cancerogenesis. Metabolome, which is collection of all metabolites produced within cell is an endpoint of the "omics cascade" (genomics, proteomics, metabolomics) pathway and in comparison to genes and proteins which are subjected to epigenetic processes and post-translational modifications, is the most accurate representation of phenotype [8] . Recent advances in mass spectrometry enabled discovery of numerous metabolites specific for lung, colorectal, ovarian, prostate, renal, breast and liver cancer [9] [10] [11] [12] [13] [14] [15] [16] [17] . Metabolomic studies of PCa have led to the discovery of sarcosine as a potential marker of PCa. It has been demonstrated that elevated level of serum sarcosine is associated with PCa [18, 19] . However the role of sarcosine as a potential PCa biomarker has been based on studies involving a small number of subjects and has been questioned following publication of the studies of larger cohort. de Vogel et al. [20] examined serum of 3000 patients with PCa and 3000 controls and showed that elevated serum levels of sarcosine were associated with decreased risk of PCa.
The difficulty in developing PCa biomarker results from the heterogeneity of this type of cancer. It has been demonstrated that factors like obesity and hormonal profile may be associated with increased risk of high grade PCa. de Cobelli et al. [21] demonstrated that high body mass index (BMI) is associated with upgrading and upstaging in patients with low-risk PCa. Moreover it has been shown that low testosterone level is a predictor of upstaging and upgrading in patents with low-risk PCa [22] . This results support inclusion of BMI and testosterone level into selection criteria for active surveillance programs.
In this study we evaluate the role of mass spectrometry in the metabolomic study of PCa and the possibility to develop potential novel PCa biomarker.
METHODS
Protocol of this study was approved by the ethics committee at the University of Rzeszów, Poland (no. 14/06/2016). Specimens and clinical data related to this study were collected after signing informed consents. Data were prospectively collected from 10 patients with elevated PSA who underwent transrectal prostate biopsy and 10 healthy volunteers between December 2016 and February 2017 at Department of Urology, City Hospital in Rzeszów. Five out ten patients were diagnosed with PCa -3 with Gleason 7, 1 with Gleason 8 and 1 with Gleason 9. Each biopsy was performed by the same urologist at our department with extensive experience in prostate biopsies (over 10,000 performed procedures) and was examined by dedicated genitourinary pathologist using 2005 International Society of Urological Pathology Gleason grading criteria. Exclusion criteria were: active acute urinary tract infection, bleeding disorder and bowel malignancies or inflammatory bowel diseases. Collected data included age, total PSA level, DRE examination result, TRUS calculated prostate volume and full pathological report. Standard 12-core TRUS guided biopsy was performed. Before procedure, single dose of i.v. ciprofloxacin was used as an antibiotic prophylaxis. Each core was placed into a separate container.
Decision to perform prostate biopsy was based on either elevated PSA level (higher or equal to 4.0 ng/mL) or positive DRE examination. For the purpose of metabolomic analysis, 10 mL of blood, 100 mL of urine and 50 µL of interstitial fluid (IF) extracted from each biopsy core were collected from each patient who has had prostate biopsy. Control group constituted of 10 young (< 40 years old, mean 28.7) healthy volunteers with average PSA of 0.7 ng/mL and average estimated PCa risk (using multivariable ERSPC cohort PCa risk calculator) of 2%. Each volunteer donated 10 mL of blood and 100 mL of urine, no biopsies were performed in this group. Whole blood was collected and centrifuged at 3000 rpm at room temperature for 10 min.
Preparation of samples for mass spectrometry imaging
Urine, serum and IF samples were immediately stored at -80 °C until use. Urine and blood plasma samples were diluted 600 times with water and placed on target plate (0.5 µL). Tissue samples were washed with 50 µL of water and directly placed on target plate (0.5 µL). All samples of the same type (for example all urine samples) were measured on the same target plate in one mass spectrometry imaging (MSI) experiment. Extracts were placed on target plate with the aid of 3D precision translation stage system with spot diameter ca. 1.5 mm.
Mass spectrometry measurements and data handling
Mass spectrometry (MS) analysis was performed using high-resolution laser desorption/ionization (LDI)-time-of-flight (ToF)-MS based on gold nanoparticle-enhanced target (AuNPET) plate [23] and is presented in simplified form in flowchart in Figure 1 . AuNPET target plates of 2.5 × 3.5 cm size and ca. 0.8 mm thickness were used with Bruker NALDI adapter. AuNPET-based surface-assisted, LDI-ToF-MS experiments were performed using a Bruker Autoflex Speed ToF-MS in reflectron mode. Instrument was equipped with a SmartBeam II laser (352 nm). The laser impulse energy was approximately 60-120 µJ; the laser repetition rate Figure 1 . Box plot of all statistically significant (P < 0.05) metabolites. x-axis: log10 transformed mass spectrometry intensities (to reduce the impact of variability of high-intensity peaks, intensity axis has been transformed into a logarithmic one); y-axis: m/z values. Red boxes represent cancer, white boxes -control was 1000 Hz; and the deflection value was set to m/z 80 Da. The first accelerating voltage was held at 19 kV and the second ion-source voltage was held at 16.7 kV. The reflector voltages used were 21 kV (first) and 9.55 kV (second). Measurement range was m/z 80-2000.
Samples were placed on AuNPET plate semi-automatically with the aid of precise positioning of 3D translation stage which allowed precise orientation of commonly used pipette (Eppendorf Research plus). Application of described stage allowed much higher spot density and repeatability which would be rather impossible in manual manner. Semi-automated solution applied allowed measurements of over hundreds of samples on one custom-made target plates of 3.5 × 2.5 cm size.
For each sample spot, four measurement locations (pixels) were measured and resulting spectra averaged after preliminary re-calibration. Obtained quadruplicates were additionally recalibrated and normalized, the latter was based on three most abundant gold ion peaks.
Extracts were measured in MSI mode with 20,000 laser shots per individual pixel and four pixels per sample with 300 µm-lateral resolution. Bruker' s FlexImaging 4.0 software was used for setting of MSI experiments. Mass calibration was performed using internal standards (gold ions and clusters from Au + to Au 9 + ). Imaging data were converted to Analyze 7.5 and then to mzXML format and processed in mMass software. Obtained spectra were processed by application of baseline correction and recalibration. Spectra from four pixels of each spot were averaged and then again recalibrated. Intensities of averaged spectra of spots were normalized based on arithmetical mean of intensities of Au + , Au 2 + and Au 3 + ions with the use of software developed by our group. Resulting ion lists were then assigned with the use of monoisotopic masses available for metabolites enclosed in Human Metabolome Database (HMDB) and Pathos database within 10 ppm mass accuracy windows.
Study design
Serum and urine were collected from all the patients and categorized as follows: (1) no PCa (healthy volunteers, n = 10 patients); (2) presumptive benign disease (negative biopsy, n = 5 patients); (3) PCa (positive biopsy, n = 5 patients). IF collected from each prostate biopsy core was categorized as follows: (1) presumptive benign disease (negative biopsy, n = 5 patients); (2) PCa (positive biopsy, n = 5 patients). Each sample was analyzed using standardized MS protocol. Serum and urine specimens collected from patients with biopsy confirmed PCa were compared with those from healthy volunteers (no biopsy in this group). Serum and urine from patients with negative biopsy (no PCa) were excluded from this study due to lack of certainty that there is no PCa in non-biopsied regions of prostate. IF from positive biopsy cores were compared with those from negative cores. Patient characteristics are shown in Table 1 .
RESULTS
All statistically significant metabolites (P < 0.05) are shown in Table 2 . Statistical analysis was performed using SPSS and R software package. Four, twenty-two and ten metabolites from urine, serum and IF respectively showed statistical significant (P < 0.05) differential abundance between cancer and control group via Mann-Whitney U test. In addition, metabolites with m/z values of 897.7 (urine) and 307.0 (IF) were positively correlated with prostate volume (Spearman's rho = 0.564, P = 0.028 and 0.648, P = 0.043 respectively). Differences between cancer/control intensities have been presented in the form of box-[ Figure 1 ] and volcano-plot [ Figure 2 ] graphs. Peaks obtained from MS analyses were identified and analyzed in the context of metabolic pathways in which they appear within Pathos and HMDB.
DISCUSSION
In this study, a new methodology for rapid metabolomic analysis of human physiological liquids is proposed. MS measurements in imaging mode based on LDI apparatus, with the use of AuNPET target plate, simplify all of the necessary experimental procedures and thus greatly speed-up the experimental part of the analysis. For the imaging experiment presented in this work, the timeframe contained ~10 min of sample application Gleason grade, n (%)
PSA: prostate-specific antigen; DRE: digital rectal examination; PCa: prostate cancer to the target and ~20 min of measurements. It should be noted that rapid analysis has additional advantages such as ability to preserve chemically labile low-molecular weight compounds. Additionally, it is of extreme importance that no chemicals were added to the analyzed samples. It is important to state that sample preparation was one of the simplest possible in terms of procedure as it required only dilution of unfrozen samples. For the first time, in this study, the AuNPET LDI-TOF-MS method was used to study metabolites originating from human urine, blood plasma and prostate IF. Methodology of measurements is shown on Figure 3 .
The decision not to examine prostate tissue but interstitial fluid was dictated by ethical and technical considerations. On one hand, fresh biopsy cores would have to be contained in high vacuum and thus they would be unfit for further pathological examination. Another possible analytical solution compatible with pathologist' s examination is analysis of formalin-fixed/paraffin embedded cores. Unfortunately, only 40% of total metabolites is retained in tissue material for the mentioned type of analysis. In comparison to fresh/ frozen specimens, it would introduce many contaminants like dimethyl sulfoxide, lauryl sulfate or melanin into MS analysis [24] . IF which constitutes tumor microenvironment, often overlooked, has showed to be a highly valuable source of potential cancer biomarkers and a potential target for chemoprevention [25, 26] . Uncontrolled cancer cell proliferation requires efficiency in generation of energy. However, unfavorable tumor microenvironment (low level of oxygenation) impose activation of alternative metabolic pathways to ensure further development. First adaptive mechanism has been described by Otto Warburg in 1920 who discovered that malignant cells produces energy predominantly through anaerobic pathway (glycolysis), even in the presence of oxygen (Warburg effect). This increased utilization of glucose in cancer cells formed basis for positron emission tomography (PET), nuclear medicine imaging system, which uses radiolabeled analog of glucose to diagnose cancer. However, since then numerous studies have demonstrated association between alteration in glutamine, lipid and cholesterol metabolism and cancerogenesis. This is accompanied by increased uptake of exogenous lipids and activation of its intracellular synthesis. With respect to PCa, alterations of lipid and cholesterol metabolism has been broadly studied. Fatty acid beta-oxidation pathway is believed to be dominant energetic source for PCa, which is considered to be non-glycolytic type of tumor [27, 28] . This hypothesis is supported by low uptake of fluorodeoxyglucose on PET imaging [29] . Dysregulation in cholesterol metabolism has been implicated in the pathogenesis of PCa. It is essential for cell proliferation by participation in membrane formation and steroid biosynthesis which is cornerstone of prostate cancerogenesis. It is also believed that it can play a major role in cancer progression to the castration resistant state by fueling intratumoral androgen biosynthesis in androgen deprived patient [30, 31] . This is possible due to activity of CYP17A1 enzyme, which is overexpressed in castrate resistant PCa [32] . Cholesterol biosynthesis pathway including production of squalene by condensing two molecules of farnesyl pyrophosphate by squalene synthase (farnesyl diphosphate farnesyltransferase 1). Squalene is then transformed with the aid of squalene monooxygenase (SQLE) to lanosterol. In the final step, lanosterol is converted to cholesterol through a 19-step process.
Decreased cancer/control ratio of serum squalene was observed in this study. Increased utilization of squalene by PCa cell should be accompanied by increased activity of SQLE. This observation is consistent with the study by Stopsack et al. [33] which showed that men with high SQLE expression are 8.3 times more likely to develop lethal PCa. Elevated serum cholesterol and triglycerides (TG) has been linked with increased risk of developing aggressive PCa and recurrence after radical prostatectomy [33] [34] [35] [36] . However there is discrepancy between studies concerning association between serum lipids level and overall risk of developing PCa [37] [38] [39] .
Eberlin et al. [40] showed that cholesterol sulfate (CS) which is the product of cholesterol sulfotransferase -SULT2B1 (within cells cholesterol occurs in form of esters, CS or hydroxycholesterol), accumulates in PCa and achieves higher concentration in comparison to benign prostate tissue. However, in our study, levels of CS in biofluids of cancer patients have not been elevated. Moreover, in comparison to control, a statistically significant decrease of intensity in urine has been observed (P < 0.05).
Another interesting aspect of affinity of PCa cells to adipose-rich environment is fact that most common metastatic sites are lymph nodes and bone marrow. This environment provides sufficient TG which are hydrolyzed to fatty acids to fuel mitochondrial beta-oxidation and ATP generation [28, 41] . This observation initiated research of new generation of drugs that target lipid metabolism [28, 42] . In this study increased intensity of TG in urine of PCa patients has been observed.
Fatty acids transport inside mitochondria is possible by its conjugation to carnitine. Giskeødegård et al. [43] reported elevated serum level of four acyl carnitines in PCa patients in comparison to benign prostatic hyperplasia (BPH) control and Saylor et al. [44] observed decrease in serum acyl carnitines concentration after 3 months of androgen deprivation therapy. In comparison, no acyl carnitines was elevated in our study, moreover, serum nonanoylcarnitine intensity of PCa patients was decreased in comparison to control (P = 0.05).
One of the most studied dietary-factor related with PCa risk is daily intake of omega-3 fatty acids, however results are still inconsistent. Only alpha-linolenic acid (ALA) out of all n-3 polyunsaturated fatty acids (ALA, eicosapentaenoic acid, docosapentaenoic acid, and docosahexaenoic acid) is essential (cannot be synthesized in the body and must be obtained from food). Recent meta-analysis showed only marginally significant negative association between PCa risk and intake of ALA and no significant association between ALA blood concentration and PCa risk [45] . In this study serum ALA intensity was statistically significant lower in patients with PCa in comparison to control (P < 0.05).
Relationship between vitamin D (and its active metabolite -calcitriol) intake and its serum level and risk of PCa has been broadly studied. Vitamin D deficiency is associated with increased odds of PCa on biopsy and it is positively associated with higher PCa grade and stage [46, 47] . Moreover, calcitriol used alone or as a part of combination therapy is being studied in clinical trials to treat PCa [48] [49] [50] . This is explained by the effect of vitamin D in promoting cellular apoptosis and differentiation and inhibiting cancer proliferation and angiogenesis. By decreasing expression of COX-2 gene it reduces proliferative stimulus of prostaglandin, a COX-2 product [51, 52] . Our study supports observation that serum vitamin D deficiency is relevant in pathogenesis of PCa.
Another interesting observation is higher abundance of vitamin C metabolites in the serum of patients with PCa. Relationship between daily intake of vitamin C and risk of developing PCa is highly debatable and the results are conflicting. Its antineoplastic properties are attributed to its antioxidative properties which protects DNA and RNA from oxidative damage. However at high doses it may act as a pro-oxidant rather than antioxidant [53] . In our study elevated serum concentration of vitamin C metabolites in serum of patients with PCa has been observed.
The proliferative state of carcinoma requires both amino acids and nucleic acids to fuel cell division. We observed increased level of different amino acids in serum and simultaneously its decreased level in urine and IF. Interestingly commercially available urine test for patients with negative DRE examination and modestly elevated PSA level has been developed which is based on a panel of four amino acids: sarcosine, alanine, glycine and glutamic acid (Prostaririx™). Accumulation of modified nucleotides in a chemical process of deamination is characteristic for cellular processes involving DNA and RNA [54] . Deaminated nucleotides (such as dITP) can be incorporated into either DNA and RNA which may result in nucleic acid instability, mistranslation and strand damage which may induce cancerogenesis [55] . In this study we observed elevated level of dITP in serum of patients with PCa.
In conclusion, this study identifies comprehensive metabolomic profile of PCa. To the best of our knowledge, this is the first study which examined PCa IF. Moreover it combines simultaneous metabolomic analysis of serum, urine and IF, which gives most accurate insight into prostate cancerogenesis. Gold-nanoparticlebased laser MSI allowed identification of 20 metabolites which are up-and down-regulated. Identified metabolites mentioned in this study suggest their role in PCa pathogenesis and should be further evaluated in clinical trials as potential PCa biomarkers. The limitations of this study were the relatively small number of participants and the fact that small percentage of intensity values can be age-related for urine and plasma samples.
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